The lack of functional ankle musculature in lower limb amputees contributes to the reduced 3 prosthetic ankle push-off, compensations at other joints and more energetically costly gait commonly 4 observed in comparison to non-amputees. A variety of energy storing and return prosthetic feet have 5 been developed to address these issues but have not been shown to sufficiently improve amputee 6 biomechanics and energetic cost, perhaps because the timing and magnitude of the energy storage and 7 return is not controlled or optimized. The goal of this study was to examine how a prototype 8 microprocessor-controlled prosthetic foot designed to store some of the energy during loading and 9 return it during push-off affects amputee gait. Unilateral transtibial amputees wore the Controlled 10 Energy Storage and Return prosthetic foot (CESR), a conventional foot (CONV), and their previously 11 prescribed foot (PRES) in random order. Three-dimensional gait analysis and net oxygen consumption 12 were collected as subjects walked at constant speed. The CESR foot demonstrated increased energy 13 storage during early stance, increased prosthetic foot peak push-off power and work, increased 14 prosthetic limb center of mass (COM) push-off work and decreased intact limb COM collision work 15 compared to CONV and PRES. However, there was no change in total COM work across conditions, and 16 net metabolic cost did not change compared to CONV and increased compared to PRES, which may 17 partially reflect the greater weight, lack of individualized size and stiffness and relatively less familiarity 18 for CESR and CONV. Controlled energy storage and return enhanced prosthetic push-off, but requires 19 further design modifications to improve other aspects of amputee gait. 
of trailing leg push-off is thought to reduce the collision of the leading leg, which may lead to a decrease 12 in total COM work (Kuo, 2002; Ruina et al., 2005) . Traditional prosthetic feet cause a disruption in this 13 cycle by reducing the positive work performed by the trailing prosthetic leg at push-off, 14 disproportionately increasing dissipation in the leading intact leg and increasing metabolic energy cost 15 of amputee walking (Houdijk et al., 2009 ). Therefore, a prosthesis with increased push-off work could 16 potentially reduce this dissipation, reduce metabolic cost and improve amputee gait. 17 A Controlled Energy Storage and Return (CESR) prototype prosthetic foot (Collins and Kuo, 18 2010), which can capture and store some of the collision energy normally dissipated at foot contact and 19 then transfer it to the forefoot just prior to toe-off, may increase prosthetic push-off work and reduce 20 metabolic cost of gait. In a study of non-amputees wearing a simulator boot, a CESR foot prototype 21 increased both average ankle push-off power and COM push-off work, decreased COM collision work, 22
Data Collection 1
To familiarize subjects with the different prosthetic feet and experimental design, a training 2 session was completed two to seven days prior to the data collection, in which subjects practiced 3 walking on the treadmill for 5 minutes with each foot condition. On a different day, subjects completed 4 a data collection session which entailed walking on the CESR foot for approximately 30 extra minutes 5 using varying spring stiffness. These two additional sessions helped the subjects get comfortable 6 walking with the novel prosthetic foot and were done on separate days to minimize the effect of fatigue. 7
Anthropometric measurements were taken for each participant according to the Plug-in-Gait 8 requirements for static and dynamic modeling (Vicon, Centennial, CO). Thirty-five 14 mm reflective 9 markers were placed on each participant at locations consistent with Vicon's Plug-in-Gait full-body 10 model. Prosthetic heel, toe and lateral ankle marker placements were consistent for all foot conditions 11 and placed on similar locations as the intact foot marker placements. Prior to data collection, subjects 12
were given time to re-acclimate to each foot condition by self-report. Breath-by-breath oxygen 13 consumption rates were collected via indirect calorimetry using the Oxycon Mobile wireless 14 ergospirometry system (CareFusion, Yorba Linda, CA). An initial baseline measurement was collected 15 while subjects stood quietly for six minutes. Subjects then walked on a treadmill at the target speed of 16 1.14 m/s, a typical speed for transtibial amputee gait (Torburn et al., 1990; Robinson et al., 1977) for 17 approximately 10 minutes, until they reached steady state (3 minutes of consistent VO 2 readings as 18 determined by visual inspection of a real-time graph telemetered to a laptop computer throughout the 19 data collection). Speed was controlled across conditions to minimize the confounding effects of variable 20 speed gait on biomechanical variables (Lelas et al., 2003) . Subjects wore a harness system as a 21 precaution against falling, but this was kept slack to reduce interference. 22 Following each treadmill test, overground biomechanics data were collected for the same foot 1 condition. The participants walked at the same controlled walking speed (1.14 ± 0.11 m/s) along a 10 m 2 walkway, while marker trajectories were collected with a 12-camera Vicon MX System at a sampling 3 frequency of 120 Hz and ground reaction forces were collected with four embedded force plates (2 4 Bertec, Columbus, OH; 2 AMTI, Watertown, MA) at a sampling frequency of 1200 Hz. Six trials were 5 collected for each condition that were within 10% of the target speed and had at least two sequential 6 foot strikes on two separate force plates. Marker trajectory data were filtered with Vicon's Woltring 7 quintic spline algorithm with a mean-square-error value of 20 prior to 3D inverse dynamics 8
computations. An additional 25 Hz 3 rd -order Butterworth filter was applied after calculation of joint 9 moments and powers. All data were normalized to subject body weight. Participants rested for 10 approximately 5 minutes after completing overground walking trials while the prosthetist switched 11 prosthetic feet. This protocol was repeated for each foot condition in random order. 12 was calculated as the dot product of the joint moment about the lateral malleolus and the angular 22 velocity of the shank. Push-off work at the foot-ankle was defined as the integral of positive foot-ankle 23 power generated during the final positive region of the power curve (Figure 2) . Net work absorbed prior 1 to push-off was calculated as the integral of all foot-ankle power prior to push-off. In addition, we 2 examined the three distinct regions of prosthetic foot work prior to push-off: work absorbed in early 3 stance, work absorbed in mid to late stance, and work generated in early stance (Figure 3) . These 4 values were calculated as the two negative integrals and positive integral, respectively, of the average 5 foot power curve for each subject. Hip and knee joint power were calculated using standard inverse 6 dynamics techniques (i.e., from moment and angular velocity only) with Nexus software (Vicon). 7 COM work rate was calculated as the three-dimensional dot product of the ground reaction 8 force and COM velocity independently for each limb (Donelan et al., 2002) . COM velocity was calculated 9 from ground reaction forces and gravity, assuming steady-state periodic strides. Push-off and collision 10 work were then calculated as the integral of COM work rate during the push-off and collision phases of 11 gait, respectively (Figure 4) . Total positive and negative COM work were calculated as the time integral 12 of all regions of positive and negative COM work rate, respectively, across both limbs during a single 13 stride. 14 Metabolic energy expenditure was estimated using breath-by-breath oxygen consumption rate 15 measurements during steady-state gait (defined as the final 3 minutes of each treadmill trial). Standard 16 indirect calorimetry equations were used to calculate metabolic rate (Brockway et al., 1987) . Net 17 metabolic rate was calculated by subtracting resting metabolic rate from the metabolic rate for each 18 foot condition. 19 Differences across condition were determined using linear mixed effects models with foot 20 condition (CESR, CONV, PRES) as the fixed effect and subject as the random effect. The inclusion of 21 random effects accounts for repeated measures within subject by enabling the estimation of both 22 within-subject error and between-subject error. Summary statistics are presented as mean ± one 23 standard deviation [SD] . All statistical analyses were carried out using R 2.9.0 software (R Development 1 Core team, 2009) and overall statistical significance was set at p < 0.05. Post-hoc pair-wise comparisons 2 were completed when an overall association across conditions was present. A Bonferroni correction 3 was applied to those multiple comparisons which resulted in significance set at p < 0.017. Percent 4 differences were calculated to aide with interpretation of the results using the following equation: 5
100
(1) 6
RESULTS 7
The unilateral transtibial amputees (n=7) presented in this study were 52.3 ± 12 years old, 1.85 ± 8 0.05 m in height, and weighed 80.9 ± 9.9 kg. We found overall differences between foot type and the 9 following mechanical variables: peak prosthetic and intact foot power at push-off, prosthetic foot push-10 off work, prosthetic foot net work absorbed before push-off, mechanical work on the COM at prosthetic 11 limb push-off and contra-lateral intact limb COM work during loading. Net metabolic rate was also 12 significantly affected by foot type, but not significantly different between the CESR and CONV 13 conditions. Subjects walked at equivalent stride lengths across all foot conditions, with a slightly longer 14 stride time (3% increase) and slightly slower speed (1.8% reduction) with the CESR foot. The means (± 15 one standard deviation) are presented in Table 2 with associated statistics. 16 The CESR foot demonstrated 58% and 41% increases in prosthetic foot peak mechanical power 17 output during push-off as compared to CONV (p<0.0001) and PRES (p=0.0008), respectively. CESR also 18 demonstrated increased total work generation in push-off (61% more than CONV; 44% more than PRES; 19 p<0.0001; Table 2B, Figure 2A) . The PRES foot also produced significantly greater push-off than the 20 CONV foot (26% increase in power, p=0.016; 27% increase in work, p=0.0038). Intact ankle peak power 21 was 17% lower with CESR compared to CONV (p=0.013) and PRES (p=0.0018) conditions (Table 2B , 22 Figure 2B ). However, intact ankle push-off work did not change across conditions (p=0.4). The CESR and 1 PRES foot stored 33% (p=0.013) and 42% (p=0.027) more energy, respectively, prior to push-off than 2 CONV. Although the average percent increase was larger for PRES vs. CONV, this comparison was only 3 borderline significant with the Bonferoni correction due to a larger standard error. The timing of energy 4 storage differed across feet. For the CESR foot, the increase in energy storage (CESR: -0.14 ± 0.02; 5 CONV: -0.035 ± 0.02; PRES: -0.028 ± 0.01 J/kg) primarily occurred earlier in stance (0 -20% of stance). 6 Whereas the PRES condition demonstrated increased energy storage (PRES: -0.25 ± 0.08; CESR: -0.086 ± 7 0.03; CONV: -0.14 ± 0.07) later in stance (50 -80%), reflecting the CESR mechanism to capture and 8 recycle heel-strike work specifically (Figure 3 ; Collins and Kuo, 2010) . 9
Mechanical work on the COM during prosthetic limb push-off was greater with CESR than both 10 CONV (55% increase, p<0.0001) and PRES (40% increase, p=0.0001) conditions, with PRES also greater 11 than CONV (25% increase, p=0.0004; Table 2C, Figure 4A ). The corresponding contra-lateral intact limb 12 COM collision work was reduced for CESR compared to both CONV (59% reduction, p=0.0037) and PRES 13 (46% reduction, p=0.0011) (Table 2C, Figure 4B ). However, total positive and total negative COM work 14 across a complete gait cycle was the same across foot conditions (positive range: 0.64 -0.67 J/kg, p=0.4; 15 negative range: -0.72 -0.76 J/kg, p=0.4). 16 Hip and knee joint powers were examined qualitatively to assess whether large compensations 17 were present at more proximal joints for the CESR foot. Average hip power for both the prosthetic 18 ( Figure 5A ) and intact ( Figure 5B) limbs appeared similar across conditions, except for a slight decrease 19 in H2 and additional burst of power (H3) for the CESR prosthetic limb in early swing phase ( Figure 5A) . 20
Larger differences seemed to occur at the knee. Prosthetic limb peak negative and positive knee power 21 appeared to increase for CESR at approximately 35% and 45% of the gait cycle, respectively, as well as 22 an increase in K3 in early swing phase compared to CONV and PRES. (Figure 6A ). Finally, a decrease in 23 both K1 and K2 power bursts were apparent for the CESR foot intact limb compared to CONV and PRES 1 conditions ( Figure 6B) , proportional to the differences in COM work rate (Figure 4) . 2 Net metabolic energy cost was not significantly different between CESR and CONV conditions (p 3 = 0.078). However, CESR was greater than PRES (Table 2D) , with an average net increase in metabolic 4 expenditure of 16.5% (p=0.007). The average percent increase of CONV over PRES was 5.3%, though 5 this difference was not significantly different (p=0.3). 6 7
DISCUSSION 8
We compared transtibial amputees walking at a constant speed with each of three different 9 prosthetic feet: a controlled energy storage and return (CESR) foot, a standard weight-matched 10 conventional (CONV) foot and the subjects' own prescribed (PRES) foot using a within-subject, 11 randomized study design. Our results revealed increased prosthetic limb push-off power and push-off 12 work as well as increased prosthetic limb COM push-off work and reduced intact limb COM collision 13 work with the CESR foot compared to CONV and PRES conditions. However, the total COM work over 14 the full gait cycle with the CESR foot was not significantly different than CONV and PRES and the 15 metabolic cost was not improved with the CESR foot compared with CONV. Metabolic cost was also 16 higher than the more-familiar, individualized prostheses of the PRES condition. These results suggest 17 that prosthetic push-off can be increased with a controlled energy storage and return prosthetic foot; 18 however, the rate of release of the energy and its associated need for greater muscle work to control 19 the energy release, or possibly our inadequate adaptation time may have interfered with the amputee's 20 ability to use this energy. This is a common challenge when integrating a mechanical device with the 21 human body (Gitter et al., 1991; Sawicki and Ferris, 2008) . Therefore, further developments in this 22 promising foot design and additional acclimation may be necessary to achieve overall improvements in 1 amputee gait. 2
Our results demonstrate how amputee foot-ankle mechanics can be altered as a result of 3 changes in mechanical foot design. A more than two-fold increase in amputee prosthetic foot push-off 4 peak power and push-off work was evident for the CESR foot compared to CONV, with power and work 5 magnitudes similar to the contra-lateral intact limb (Figure 2) , which was consistent with the results of 6 non-amputees wearing the CESR foot with a simulator boot (Collins and Kuo, 2010) . This increase in 7 push-off was likely the result of increased energy storage during loading and controlled release later in 8 stance and just prior to push-off. A smaller but still statistically significant increase in push-off also 9 occurred for CESR compared to PRES, which may be related to differences in timing of energy storage 10 ( Figure 3) . 11 Unlike other energy storing prosthetic feet, the CESR foot is intended to primarily capture 12 energy from the collision of the prosthetic limb with the ground. Indeed, net prosthetic foot work 13 absorbed in early stance was more than three times greater for CESR compared to CONV and PRES 14 (Figure 3) . However, the CESR foot demonstrated 65% and 40% less energy absorption in later stance 15 (40-80% of stance) as compared to PRES and CONV, respectively. Alterations in the timing of energy 16 absorption were likely caused by differences in the design features of the CESR and PRES feet. In 17 particular, the CESR foot's reduced later stance phase energy absorption was likely because the PRES 18 feet had more compliant keel designs, resulting in greater energy storage from mid-to late-mid stance. 19 The increased energy absorption by the CESR foot in early stance did not appear to add to the overall 20 COM collision work (Figure 4A ), but did cause the duration of COM collision to increase. Despite this 21 increased duration during COM collision, the prosthetic limb hip and knee powers did not reveal 22 differences across foot conditions during this phase of the gait cycle (Figures 5A and 6A) . Therefore, the 23 increase in energy absorbed by the CESR foot during early stance seemed to have minimal impact on the 1 positive work performed at the proximal joints. Despite this lack of evidence related to the proximal 2 positive work performed, we suspect that undetected compensations such as isometric and co-3 contractions of the quadriceps may have been employed to stabilize the knee during this large energy 4 absorption. Therefore, reducing energy storage with a different heel spring in the CESR foot and 5 increasing it later in stance with a more compliant forefoot keel may lead to an improved balance of 6 energy absorption throughout stance, possibly leading to fewer compensations and more optimal 7 energy return and rate of return of push-off. 8
The CESR foot increased COM push-off work of the prosthetic limb and reduced COM collision 9 work of the intact limb as compared to CONV, which were consistent with both dynamic walking model- prosthetic-limb COM push-off work that was similar to non-amputee push-off would lead to a better 18 balance of push-off and collision in amputees and an overall reduction in mechanical work. However, 19 since the inertial properties of the prosthetic limb are different than the intact limb (lighter in mass and 20 a more proximal location of the COM), it is possible that the optimal push-off work for the prosthetic 21 limb is somewhat reduced compared to normal. Therefore, the CESR foot may have surpassed the 22 optimal magnitude of push-off and instead of improving gait, this excessive push-off may simply be 23 dissipated in the damping of soft tissues (Zelik and Kuo, 2010 JEB in press) or through co-contraction atthe knee or hip. Adjustments in the spring properties to tune the timing of release as well as 1 adjustments in foot size, foot shape and cushioning may optimize prosthetic push-off with the CESR 2 foot, minimizing costly compensations and potentially lead to overall improvements in gait. With proper 3 adjustments, these parameters may enable amputees to more effectively incorporate push-off energy 4 with less energy returned by the CESR mechanism, leading to a reduction in the total mechanical work 5 performed. 6
The lack of reduction in metabolic cost despite increased prosthetic foot-ankle and COM push- days of acclimation with the novel foot. Also, the markedly reduced metabolic cost for the PRES versusCESR condition further supports the need for longer acclimation times since this condition served as a 1 benchmark for a fully acclimated, optimal foot for each subject. Therefore, longer acclimation time may 2 be necessary to elicit reduced metabolic cost while walking with a novel prosthesis. 3
Comparison of CONV and CESR conditions with PRES may indicate how practical, experimental 4 limitations can affect results. It is typical for amputees to be prescribed a relatively lightweight 5 prosthesis with size and stiffness selected for their body weight, stature and activity level. In testing a 6 relatively heavy initial prototype, it was not practical to individualize the CESR condition for each 7 subject, nor feasible to provide longer acclimation periods at this time. We attempted to subject the 8 CONV condition to similar constraints to serve as a controlled comparison, although the passive CONV 9 foot was more similar to the PRES feet and also less optimal. It is therefore not unexpected that average 10 energy expenditure was lower on the PRES foot. The PRES condition is a clinically relevant comparison 11 that serves as an indicator of the possible gains through individualized prescription and seems to be 12 within reach for improvement in future prosthetic feet. 13
Our metabolic results are not in complete agreement with the results from non-amputees 14 reported previously (Collins and Kuo, 2010) . This disparity may be due to differences between 15 populations and protocols. The non-amputees wearing a simulator boot were younger (age range: 28 years) and possibly better suited to adapt and benefit from the CESR foot. The prosthesis simulator 17 caused the non-amputees to have an elevated total stature (leg length increased from 0.97 to 1.08 ± 18 0.04 m), for which the CESR foot length may have been ideal. In contrast, the CESR prototype may have 19 been too long for the amputees, who were of considerably lower stature (leg length: 0.98 ± 0.05 m). 20
Also, the residual limb-socket interface is likely less stiff than the rigid prosthesis simulator walking boot 21 and therefore, may have been less capable of effectively transferring energy. Additionally, the CESR 22 prototype was initially designed for faster walking speeds (1.25 m/s) during non-amputee pilot testing 23 and may have been less suited for slower amputee gait (1.14 m/s). The amputees walked at a slower 1 speed because this was the speed they initially felt comfortable walking at for the required sustained 2 time intervals on their PRES foot. However, anecdotally, many of the subjects requested to increase 3 walking speed when wearing the CESR foot, but were kept at the controlled speed of 1.14 m/s to 4 maintain consistency across foot conditions. Therefore, an ideal walking speed may exist for the CESR 5 foot that could be altered based on subtle changes in foot design. Another possible explanation is that 6 since amputees are far more accustomed to their prescribed feet, they may have been relatively more 7 adapted to walking on the more similar CONV foot than the CESR foot compared with the non-8 amputees, who had equal acclimation time for both prosthetic feet using the simulator. Therefore, the 9 amputee's added experience with a CONV style foot may have caused a bias in favor of this condition, 10 which was not apparent with the non-amputee population. Additional acclimation time with a novel 11 prosthetic foot may be necessary to achieve overall improvements in gait (Grabowski et al., 2010). A 12 final difference in protocol which may account for varying results is that we tested the CESR foot 13 without a shoe and the CONV foot with one. Increased cushioning from the shoe can have mechanical 14 and energetic effects on amputee gait (Cavanagh et al., 1985) . In contrast, all conditions in the non-15 amputee trials were conducted without a shoe. 16 The following limitations should be noted when interpreting the results of this study. First, 17 mechanical and metabolic data were not collected simultaneously since the metabolic data collection 18 required subjects to walk continuously at constant speed until they reached metabolic steady-state. 19
Since our treadmill was not instrumented, the mechanical data was collected overground at a similar 20 walking speed. Although the methods were consistent across foot conditions, it is possible that the 21 amputees felt more comfortable walking overground with the CESR foot than on the treadmill, which 22 may have led to the discrepancies noted between the mechanical and metabolic results as well as 23 increased metabolic cost. For instance, an increased effort associated with balancing naturalfluctuations during step-to-step treadmill walking may have occurred which would not be captured in 1 overground mechanics tests. Additionally, though the prosthetic foot work calculations used in this 2 study capture the behavior of non-rigid segments better than standard inverse dynamics, they are still 3 sensitive to some forms of measurement error. Such metrics should be used in conjunction with other, 4 corroborating measures when possible. Furthermore, the number of subjects included in the protocol 5 was relatively small, due in part to the demands of a study design that requires multiple laboratory visits 6 and recruitment of a population of only active traumatic amputees with at least two years of experience 7
walking with a prosthesis. Finally, there was more overall negative work performed across stance which 8 suggests that subjects were either slowing slightly or there was unaccounted positive work in this 9 measurement. A less than 10% decrease in speed would result in a shift towards negative work of 10 approximately 0.1 J/kg, comparable to the largest discrepancy observed in this study. Since the length 11 of our walkway is relatively short, a small, consistent decrease in speed is a viable explanation. 12
Regardless of the source, this shift towards negative work was consistent across foot conditions. 13 14
CONCLUSIONS 15
In conclusion, transtibial amputees wearing the CESR foot demonstrated the ability to restore 16 push-off energy on their prosthetic limb and reduce collision on their contra-lateral intact limb during 17 constant speed ambulation; however, there was not a corresponding reduction in metabolic rate. early stance, work generated in early stance and work absorbed mid to late stance across foot 6 conditions. 7 
